The uterine musculature or myometrium demonstrates tremendous plasticity during pregnancy 2 under the influences of the endocrine environment and mechanical stresses. The expression of the small 3 stress protein heat shock protein B1 (HspB1) has been reported to increase dramatically during late 4 pregnancy -a period marked by myometrial hypertrophy induced by fetal growth-induced uterine 5 distension. Thus, we examined the effect of uterine distension on myometrial HspB1 expression using 6 unilaterally pregnant rat models and ovariectomized, non-pregnant rats with uteri containing laminaria 7 tents to induce uterine distension. In unilaterally pregnant rats, HspB1 mRNA and pSer15-HspB1 protein 8 expression were significantly elevated in distended gravid uterine horns at both d19 and d23 (labour) of 9 gestation compared to non-gravid horns. Similarly, pSer15-HspB1 protein detection in situ was only 10 readily detectable in the distended horns compared to the non-gravid horns at both d19 and d23; 11 however, pSer15-HspB1 was primarily detectable in situ at d19 in membrane-associated regions while it 12 had primarily a cytoplasmic localization in myometrial cells at d23. Both HspB1 mRNA and pSer15-HspB1 13 protein expression were also markedly increased in ovariectomized, non-pregnant rat myometrium 14 distended for 24h with laminaria tents compared to empty horns. Therefore, uterine distension plays a 15 major role in the stimulation of myometrial HspB1 expression and increased expression of this small 16 stress protein could be a mechanoadaptive response to the increasing uterine distension that occurs 17 during pregnancy. 
INTRODUCTION 19
The uterus during pregnancy undergoes considerable physical distension. In response to such 20 mechanical stress, adaptation of the uterus occurs and is exemplified by increases in uterine size and 21 weight. Before pregnancy, the human uterus weighs approximately 40-70g and can hold a volume of 22 10mL, whereas at labour the uterus weighs about 1100-1200g and can hold on average a volume of 5L 23 (30) . The size of human uterine smooth muscle cells have also been found to increase up to 10 times in 24 length and 3 times in width during gestation (30) . 25
During gestation the rat uterine smooth muscle, or myometrium, goes through a series of 26 differentiation phases (43) . Early in pregnancy, the myometrium is characterized by a phase of 27 hyperplasia marked by significantly increased mRNA expression of IGF-I and IGFBP1 as well as activation 28 of the mTOR signalling pathway (11, 42) . Subsequently, there is a transition to a synthetic phase with a 29 period of hypertrophic myometrial growth that requires uterine distension and is supported by 30 circulating progesterone. This growth is marked by an increase in the protein:DNA ratio of the 31 myometrium and the increased expression of interstitial matrix proteins such as collagen I (39,41) . 32
Recently, Shynlova and colleagues (44) demonstrated that the significant increase in rat myometrial 33 growth during late pregnancy was due to a threefold increase in myocyte size and confirmed that it was 34 dependent on uterine distension. Towards the end of gestation the myometrium switches to a 35 contractile phenotype with an increase in basement membrane matrix synthesis, marked by increased 36 expression of fibronectin, as well as increased detection in situ of the fibronectin receptor protein 37 subunits α5 and β1 integrins (42, 50, 51) . The rat myometrium then undergoes the labour phase and 38 becomes activated by the increased presence of contraction associated proteins (CAPs) such as the gap 39 junction protein Cx43 and oxytocin receptors as well as decreased focal adhesion kinase activity thus 40 marking the stabilization of myometrial cell-ECM contacts to facilitate the initiation of labour (28, 35, 47) . 41 7 Virgin female rats (~220g) were administered an intramuscular injection of anesthesia 97 (100mg/kg ketamine, 20mg/kg xylazine; Ketaset®, Wyeth Animal Health, Guelph, ON, Canada; Rompun®, 98 Bayer Inc., Toronto, ON, Canada) and then received a unilateral tubal ligation through bilateral flank 99 incisions (dorsal surface), approximately 1cm distal of the spine, as described elsewhere (34, 35) . 100
Animals were monitored post-operatively and subsequently allowed to recover for at least 5 days before 101 matings were attempted. Samples of gravid and non-gravid horns were collected on gestational day (d) 102
and d23 (n=4). 103 104

Non-pregnant ovariectomized rat models 105
To investigate the role of uterine distension on HspB1 expression in the absence of any 106 endocrinological contributions from the feto-placental units or ovarian steroids, we utilized a non-107 pregnant ovariectomized rat model. Prior to experiments using laminaria tents, female rats (~220g) 108
were administered an intramuscular injection of anesthesia (100mg/kg ketamine, 20mg/kg xylazine; 109 Ketaset®). Rats were then bilaterally ovariectomized as previously described in detail (34). Animals were 110 allowed to recover for at least 5 days post-operatively before laminaria tent insertion. 111
To generate a dynamic uterine distension over 24h in the uterine horns of these rats, we used 112 extra-small (2 x 50mm) laminaria tents (Catalogue #021002, MedGyn, Lombard, IL, USA). These tents 113 consist of dried, sterilized seaweed stems that are hygroscopic and gradually expand over 24h. Larger 114 versions of these tents can be used clinically as disposable devices for gentle dilation and softening of 115 the cervix. Following administration of anesthesia to the rats (as described above), bilateral flank 116 incisions (dorsal surface) approximately 1cm distal of the spine were made to expose the uterine horns. 117
Laminaria tents were then surgically inserted into the lumen of one of the uterine horns of the 118 ovariectomized rats (n= 4) through a small distal incision in the horn that was then sutured closed. To 119 8 control for the presence and effect of an intra-uterine device (IUD), polyethylene tubes of the same size 120 and diameter (~2mm OD, Cat #7446, Clay Adams) as pre-expanded laminaria tents were also inserted 121 into some uterine horns (n=4) in place of the laminaria tents. Samples were subsequently collected from 122 empty, polyethylene tube-containing and laminaria-containing horns 24hrs post insertion. 123
124
Northern Blot Analysis 125
For each experimental model studied, 4 independent sets of RNA samples (n=4) were used. 126
TRIzol® Reagent (Invitrogen Corporation, Carlsbad, California, USA) was used for RNA extractions, and 127 extractions were completed according to the manufacturer's instructions. Spectrophotometric analysis 128 of RNA was performed using a Shimadzu Bio-Mini Spectrophotometer (Mandel Scientific, Guelph, 129 Ontario, Canada) to assess RNA purity and concentration before storage at -80°C. 130
Northern blot preparation and hybridization were performed as previously described (49). 131
Briefly, RNA (10μg) was prepared, separated on a 1% agarose-formaldehyde-MOPS gel, transferred to a 132 nylon membrane (Hybond-XL nylon membrane; GE Healthcare, Little Chalfont, Buckinghamshire, 133 England), and stored at -20 C. Pre-hybridization of membranes for 1-2 hours at 42°C was followed by 134 hybridization with radiolabelled ( 32 P-dCTP) probes overnight at 42°C. Probes were produced utilizing a 135 hamster HspB1 cDNA template, following instructions provided in the Megaprime DNA Labeling kit (GE 136 Healthcare, Little Chalfont, Buckinghamshire, England). Blots were subsequently washed and multiple 137 exposures of X-ray film were produced to confirm the linearity of the film response. Following detection 138 of HspB1 mRNA, northern blots were stripped and re-probed for ribosomal 18S RNA for use as a loading 139 control. The hamster HspB1 cDNA (Genbank Accession #X51747) and rabbit 18S ribosomal cDNA 140 (Genbank Accession #X06778) were kind gifts from Dr. J. Landry (Laval University, Quebec, Canada) and 141 Dr. I. Skerjanc (University of Ottawa, Ontario, Canada), respectively. 18S rRNA is constitutively expressed 142 9 in rat myometrial cells and has been utilized in the past as a loading control for analysis of myometrial 143 gene expression (33, 39, 49) . 144
145
Immunoblot Analysis 146
Immunoblot analysis was performed on at least 4 independent sets of samples as previously Immunocytochemical analysis was performed on two independent sets of uterine tissue samples 169 for each experimental design and repeated at least 2 times as previously described (49). All 170 paraformaldehyde fixed samples were processed, embedded, and sectioned by the Histology Unit of 171
Memorial University of Newfoundland School of Medicine. Five micrometer thick tissue sections were 172 adhered to silane-coated slides. Sections were de-waxed and rehydrated for immunocytochemistry as 173 previously described in detail (49). Briefly, the following steps were conducted at room temperature 174 unless otherwise stated. Antigen retrieval was performed by incubating tissue sections in 0.125% Trypsin 175 in 1XPBS for 15 minutes. Sections were then incubated in blocking solution (5% horse, 1% goat, and 1% 176 fetal bovine serum in PBS) for 30 minutes followed by incubation in pSer15 HspB1-specific rabbit 177 polyclonal antiserum (5 ug/mL final concentration, Cat # PA1-018, Affinity BioReagents, Golden, CO, 178 USA), or a pre-immune sera at the same effective concentrations for 1 hour as previously conducted 179 
HspB1 Expression in Unilaterally Pregnant Rat Myometrium 200
HspB1 mRNA Expression 201
Northern blot analysis was employed to observe any change in myometrial HspB1 mRNA 202 expression due to uterine distension. Initial investigation was performed using a unilaterally pregnant 203 model consisting of rats at d19 and d23 (labour) of gestation with one gravid (distended) and one non-204 gravid (empty) horn (n=4). HspB1 mRNA expression was significantly increased in the gravid horn 205 myometrium from unilaterally pregnant rats on both d19 and d23 compared to samples from the non-206 gravid horn ( Fig. 1A, B ; p<0.05). 207
pSer15 HspB1 Protein Expression and Localization in situ 209
Total myometrial protein extracts (n=4) were utilized for immunoblot analysis to determine any 210 distension-induced changes in HspB1 protein expression. Investigation with pSer15 HspB1-specific 211 antibodies in unilaterally pregnant rats showed pSer15 HspB1 expression in the myometrium was 212 significantly induced with uterine distension at both d19 and d23 ( Fig. 2A,B; p<0.05). 213
To investigate changes in sub-cellular localization and detection levels of pSer15 HspB1 between 214 gravid and non-gravid uterine horns, immunofluorescence analysis was utilized. At day 19 the gravid 215 horn exhibited a high level of detection of pSer15 HspB1 in both muscle layers and localization was 216 primarily found to be membrane-associated; however, some peri-nuclear localization was also observed 217 (Fig. 3) . In contrast, the non-gravid horn exhibited virtually no pSer15-HspB1 immunostaining above the 218 pre-immune control. At d23, pSer15 HspB1 was also highly detectable in both muscle layers of the 219 gravid horn and localized at some membrane-associated regions, but was much more detectable in the 220 13 cytoplasm of myometrial cells (Fig. 4) . The non-gravid horn exhibited virtually no pSer15 HspB1 221 immunostaining above the pre-immune control. 222
223
HspB1 Expression in Non-Pregnant Rat Myometrium 224
HspB1 mRNA Expression 225
It was possible that the increased myometrial HspB1 expression observed in the gravid horns 226 during pregnancy could be due, at least in part, to fetal or placental paracrine influences absent in the 227 non-gravid horns. Thus, to more precisely confirm the induction of HspB1 expression by uterine 228 distension, in the absence of any underlying influence from the fetoplacental unit or even ovarian 229 steroids, a non-pregnant ovariectomized (OV) rat model was also employed for experiments. In this 230 model, laminaria tents were surgically inserted into one of the two uterine horns of ovariectomized 231 female rats for 24 h. The result was the production of uterine distension stress in the laminaria-232 distended horn compared to the contralateral empty horn (Fig. 5A) . In other experiments a polyethylene 233 tube of similar length and diameter to the pre-expanded laminaria tents (i.e. intra-uterine device 234 control) was surgically inserted in one of the horns while the contralateral horn was empty. 235
Northern blot analysis (n=4) revealed a significant increase in myometrial HspB1 mRNA 236 expression in the laminaria-distended horn of ovariectomized rats compared to empty horns ( Fig. 5B ; 237 p<0.05). There was no significant difference observed in myometrial HspB1 mRNA expression between 238 uterine horns containing a polyethylene tube and empty uterine horns (Fig. 5C) . 239
pSer15 HspB1 Protein Expression 241
Following laminaria tent insertion, immunoblot analysis (n=4) also demonstrated that the 242 expression of pSer15 HspB1 in the myometrium of the distended horn was significantly increased 243 compared to the empty horn ( Fig. 6A; p<0.05 ). In contrast, there were no significant differences in 244 myometrial pSer15-HspB1 protein expression between uterine horns containing a polyethylene tube, 245 mimicking a pre-expanded tent, and empty uterine horns demonstrating a lack of any intra-uterine 246 device effect on protein expression (Fig. 6B) . 247
pSer15 HspB1 Localization in situ 249
Overall we observed a decrease in detectable pSer15 HspB1 immunolocalization as compared to 250 detection in the pregnant state. However, there was an increase in pSer15 HspB1 detection in the 251 myometrium of laminaria distended horns compared to detection in the myometrium of empty horns, 252 particularly in the longitudinal muscle layer (Fig. 7A) . Localization of pSer15 HspB1 in the distended horn 253 appeared to be more cytoplasmic and peri-nuclear as compared to the membrane-associated pattern of 254 detection observed in the unilaterally pregnant rat model at d19 of gestation. As expected, there were 255 no observable changes in myometrial pSer15 HspB1 detection levels or localization between the uterine 256 horns containing a polyethylene tube and empty uterine horns (Fig. 7B) . 257 258 259 DISCUSSION 260
In the myometrium during pregnancy, uterine distension has been reported to increase the 261 expression and/or post-translational modification of contraction-associated (CAP) proteins, focal 262 adhesion proteins and signaling kinases such as connexin-43, FAK, and extracellular signal-regulated 263 kinases (ERK), respectively (25, 26, (33) (34) (35) . While investigation has been undertaken into the effects of 264 stretch on the larger class of heat shock proteins in smooth muscle such as HSP70, research on sHSPs is 265 still emerging (3). In particular, there has still been limited investigation of the response of HspB1 to 266 mechanical stress. Chaudhuri and Smith (6) showed that cyclic strain of airway smooth muscle cells 267 resulted in significant and rapid increases in expression of phosphorylated HspB1, although the exact 268 phosphorylated form studied was not specified. Thus, we took the opportunity to investigate the effects 269 of uterine distension or mechanical stress on myometrial HspB1 expression in the unilaterally pregnant 270 rat model that at the same time might advance knowledge and stimulate research with additional types 271 of smooth muscle. 272
273
Uterine Distension Induces Expression of HspB1 mRNA and pSer15-HspB1 Protein 274
We have previously reported that HspB1 mRNA expression was significantly elevated in the 275 pregnant rat myometrium at d19 then significantly decreased by d23 (labour) while pSer15-HspB1 276 expression was significantly increased from d19 to d23 compared to earlier points in pregnancy (49). 277
Our results presented here show that uterine distension induced expression of HspB1 mRNA and pSer15-278
HspB1 protein levels at both d19 and d23 demonstrating the important role of distension or mechanical 279 stress on the regulation of expression regardless of the period of late pregnancy. However, the increased 280 expression in the gravid horns was observed at times when circulating levels of progesterone and 17β-281 estradiol are reported to be elevated in the rat at d19 and d23, respectively (37). As a result, it was still 282 possible that these steroids as well as other contributions from the fetoplacental unit could contribute to 283 the observed increases in HspB1 expression during late pregnancy. Examination of HspB1 expression in 284 ovariectomized, non-pregnant rats subjected to uterine distension with laminaria tents clearly showed 285 that HspB1 mRNA and pSer15-HspB1 protein expression could be potently induced by uterine distension 286 in vivo in the absence of fetal, placental paracrine or ovarian steroid influences. However, we cannot 287 exclude the likelihood that a substance(s) could leach out of the laminaria tents or that intrauterine and 288 interstitial fluid could be excessively absorbed by the tents and contribute signals, in addition to uterine 289 distension, leading to the observed increase in HspB1 expression. 290
Despite our findings, hormonal influences cannot be excluded as a regulatory mechanism 291 underlying HspB1 expression during pregnancy. We did observe an overall decrease in detectable 292 pSer15-HspB1 immunolocalization in ovariectomized, non-pregnant rats compared to detection in the 293 pregnant state. This could be a result of the loss of the specific hormone environment of late pregnancy. 294
Lastly, marked differences in levels of pSer15-HspB1 immunolocalization were also observed between 295 the two uterine muscle layers following laminaria distension in ovariectomized, non-pregnant rats 296 compared to detection in gravid uterine myometrium. Laminaria tents cannot completely simulate the 297 timing and extent of fetal growth-induced stretch of the uterus during pregnancy and it is conceivable 298 that, as a result, there are different uterine muscle layer-specific responses to the distension produced 299 by the laminaria tents compared to growing fetuses. 300
It was previously reported that the rat HspB1 gene promoter contains overlapping Sp-1 and AP-2 301 transcription factor binding sites and a heat shock element (HSE; 32). Thus, it is possible that that Sp-1, 302 AP-2 and/or Heat Shock Factor 1 or 2 (HSF1, 2) could induce transcription of HspB1 mRNA in response to 303 uterine distension. Importantly, HSF1 has been found to be necessary for stress induced HspB1 304 upregulation in mouse embryonic fibroblasts (53) and Xu and colleagues (52) have reported that HSF1 305 activation was induced by cyclic mechanical stress in vascular smooth muscle cells. However, the 306 expression of HSF-1 has yet to be determined in pregnant rat myometrium. 307
HspB1 is a substrate for phosphorylation by the p38 MAPK pathway, utilizing members of the 308 MAPK-activated protein kinase (MK) family, although phosphorylation of Ser-15 and Ser-86 does not 309 appear to occur in any specific obligate order (17, 21, 46) . Static stretch of primary cultures of rat 310 myometrial smooth muscle cells in vitro strongly induces activated p38 MAPK expression and uterine 311 distension also led to increased p-p38 MAPK expression beginning ~d19 of pregnancy in the rat 312 myometrium reaching significantly elevated levels by d22 (33). Thus, the increased expression of 313 pSer15-HspB1 protein at d19 and d23 may be due, at least in part, to some contributions from the p38 314 MAPK signaling pathway. 315
316
HspB1 and the Actin Cytoskeleton 317
The dynamic modulation of actin microfilament formation likely plays a large role in smooth 318 muscle contraction (48). For example, Shaw et al (38) reported that agonist induced constriction of non-319 pregnant rat myometrium was reduced by inhibition of actin polymerization with cytochalasin D. All 320 three actin isoforms (α, β, γ) are expressed in rat myometrium, but only γ− actin appears to undergo 321 increased expression and changes in localization as term approaches (40). Analysis of term pregnant 322 mouse uterus demonstrated that actin microfilaments were densely packed and ran parallel to the 323 longitudinal axis of uterine smooth muscle cells (48). Smooth muscle dense plaques, or focal adhesions, 324 are sites on the plasma membrane where clusters of integrins, signalling molecules and adapters such as 325 FAK and vinculin can provide a structural link between the ECM and the actin cytoskeleton. FAK 326 activation is highly induced in rat myometrium during late pregnancy where focal adhesion signalling 327 may be necessary to remodel cell-ECM adhesion during myometrial hypertrophy (28). Shynlova et al 328 (44) recently demonstrated, using a stereological approach, that there were significant increases in 329 uterine smooth muscle cell sizes at late pregnancy (d19) that were not significantly decreased until post 330 partum. Myometrial hypertrophy was also significantly higher in gravid uterine horns compared to non-331 gravid horns at d19 and at term in unilaterally pregnant rats. Therefore, in this study the increased 332 expression of pSer15-HspB1 protein levels in distended uterine horns at d19 and labour, and the 333 immunolocalization of the protein to membrane-associated regions indicate pSer15-HspB1 could be part 334 of a mechano-adaptive response to regulate actin cytoskeleton dynamics at focal adhesion sites and 335 support hypertrophy-induced focal adhesion reorganization during late pregnancy. Evidence to support 336 this possibility can be found in recent reports. During et al (7) demonstrated that HSPB1 is a G-actin 337 sequestering protein and that HspB1 phosphorylation enhances actin filament assembly. Jia et al (12) has 338 also shown, with mass spectrometry analysis, that phosphorylated HspB1 co-immunoprecipitated with 339 members of the actin regulatory complex Arp2/3. 340
Since our results demonstrated significantly induced pSer15-HspB1 levels at d23 (labour) upon 341 uterine distension and immunolocalization of pSer15-HspB1 to the cell cytoplasm at this time, we cannot 342 rule out a role for this protein in myometrial contraction. Increased myometrial stretch, as a result of 343 multiple gestation pregnancies for instance, has been suggested as one factor that could lead to the 344 increased incidence of premature uterine contractions (5). The facilitation of actin formation and actin-345 myosin interaction by HspB1 has been shown to be essential for the contraction of colonic smooth 346 muscle (2) and it is postulated that the mechanism involves phosphorylated HspB1-mediated modulation 347 of caldesmon association with tropomyosin, a thin filament protein critical for actin-myosin interaction 348 uterine distension at d19 of pregnancy. A pSer15 HspB1-specific rabbit polyclonal antiserum was used to 567 detect this phosphorylated form of HspB1 in longitudinal and circular muscle layers of distended gravid 568 uterine horns and non-gravid horns. The gravid horns exhibited a high level of detection of pSer15 HspB1 569
